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ABSTRACT
The gravitational pull of a large number of asteroids perturbs a pulsar’s motion to a degree that is
detectable through precision timing of millisecond pulsars. The result is a low-frequency, correlated
noise process, similar in form to the red timing noise known to affect canonical pulsars, or to the
signal expected from a stochastic gravitational-wave background. Motivated by the observed fact that
many millisecond pulsars are in binary systems, we describe the ways in which the presence of a binary
companion to the pulsar would affect the signal produced by an asteroid belt. The primary effect of the
companion is to destabilize the shortest-period orbits, cutting off the high-frequency component of the
signal from the asteroid belt. We also discuss the implications of asteroid belts for gravitational-wave
search efforts. Compared to the signal from a stochastic gravitational-wave background, asteroid belt
noise has a similar frequency and amplitude, and is similarly independent of radio frequency, but is not
correlated between different pulsars, which should allow the two kinds of signal to be distinguished.
1. INTRODUCTION
The high precision of pulsar timing makes it possible
to detect orbital reflex motion created by small bodies
orbiting pulsars, especially millisecond pulsars (MSPs).
A striking demonstration of this is the discovery of pul-
sar planets. The smallest known pulsar planet, around
PSR B1257+12, is less than twice as massive as the
Moon (Wolszczan 1994; Wolszczan et al. 2000), and a
recent search for planets around MSPs (Behrens et al.
2020) was able to rule out planets more massive than the
Moon at periods as long as 100 days. Since such small
bodies can be detected individually, it is worth consider-
ing the effects of even smaller bodies, such as asteroids,
which can combine to produce a detectable signal.
The orbital reflex motion created by a body in a circu-
lar orbit around a pulsar produces a sinusoidal variation
in pulse times of arrival (TOAs). For a body of mass m
in a circular orbit of radius a around a pulsar of mass
M , the amplitude, ∆τ , of this signal is
∆τ =
ma
Mc
sin i
= 50 ns
( m
10−10M
)( a
1 au
)
sin i.
(1)
Here c is the speed of light and i is the inclination of
the orbital plane relative to the plane of the sky. If the
ratio of the mass of the asteroid to the mass of the pul-
sar is 10−10 (around a typical pulsar, this corresponds
to a mass similar to that of the large solar-system aster-
oid 4 Vesta) and it orbits at 1 au, the signal amplitude
can be as large as 50 ns. This is large enough that a
single asteroid could be detectable if it orbited one of
the best-timed MSPs. The incoherent superposition of
many such signals produced by an asteroid belt could
be significantly stronger. For this reason, Shannon et al.
(2013) suggested that an asteroid-belt signal could ex-
plain some of the low-frequency noise observed in TOAs
from the bright MSP PSR B1937+21. Indeed, aster-
oid belts could be an important source of timing noise
in MSPs in general, including in the large number of
MSPs occurring in binary systems.
Asteroid belts around pulsars may be formed by su-
pernova fallback material, or, in the case of MSPs, by
material left over from the recycling process that spun
the pulsar up. The latter is often thought to be the
origin of the planets around PSR B1257+12. In addi-
tion to these, there are a number of other lines of evi-
dence supporting the existence of debris disks or aster-
oid belts around at least some pulsars. The magnetars
4U 0142+61 (Wang et al. 2006) and 1E 2259+586 (Ka-
plan et al. 2009) exhibit infrared emission suggestive of
debris disks. Furthermore, theoretical work related to
the B1257+12 system (Miller & Hamilton 2001; Bryden
et al. 2006) indicates that asteroids larger than 1 km in
radius can survive for 1 Gyr or more around an MSP.
Since many MSPs are found in binary systems with
white dwarf companions, we are lead to consider ad-
ditional effects that may arise in the binary context.
Small objects such as asteroids orbiting in a binary star
system have one of two types of stable orbits: satel-
lite (S-type) orbits, circling one of the components; or
planetary (P-type) orbits, encircling both components
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Figure 1. An example of the power spectrum of TOA per-
turbations created by a P-type asteroid belt around a pulsar
and its companion. The gray shaded region corresponds to
an order of magnitude change, in either direction, in the as-
teroid belt mass. The residual spectrum is shown for 7.5,
15, and 30 year dataset lengths, demonstrating the effects of
model subtraction (see section 2.1). The spectrum expected
from a GW background is shown for comparison, with the
solid line corresponding to the upper limit on the strain am-
plitude, AGWB = 1.45× 10−15, set by Arzoumanian et al.
(2018), and the shaded region to AGWB between 1× 10−16
and 3× 10−15.
(Murray & Dermott 1999). To maintain stability, S-
type orbits must have much shorter periods (and smaller
semi-major axes) than P-type orbits: there is an outer-
most stable S-type orbit and an innermost stable P-type
orbit, which has a longer period. Combined with the
scaling of TOA variations with orbital radius given by
equation (1), this means that objects on P-type orbits
will generally contribute more power to low-frequency
TOA variations. In the remainder of this paper we will
concern ourselves primarily with P-type asteroid belts.
2. SPECTRAL CHARACTERISTICS
A single asteroid of mass m orbiting a pulsar of mass
M on a circular orbit of semimajor axis a inclined at an
angle i from the plane of the sky produces a sinusoidal
timing delay with amplitude given by equation (1). The
effects of additional asteroids on the timing residuals are
additive as long as interactions between the asteroids
can be neglected. When a large number of asteroids
are present, they combine to produce a signal with an
apparently continuous spectrum, as shown in Figure 1.
The semimajor axis, a, of a particular asteroid is re-
lated to its orbital frequency, f , by
a =
(
GM
4pi2
)1/3
f−2/3. (2)
This relationship is exact in the two-body problem with
M the sum of the masses. If one body is much less
massive, as is the case for an asteroid orbiting a pulsar,
it holds approximately with M the mass of the larger
body. In a binary system, it holds approximately for
both S-type and P-type orbits with appropriate choice
of M . For S-type orbits, the appropriate M is the mass
of the primary, and for P-type orbits, it is the total
mass of the binary. The approximation becomes less ac-
curate as the asteroid’s orbit approaches the boundary
of stability, but numerical evidence (Holman & Wiegert
1999; Nagler 2005) suggests that orbits typically become
unstable before deviations from equation (2) are signif-
icant.
The spectrum of the TOA variations introduced by a
large number of asteroids is related to the distribution
of asteroid masses and orbital periods. Suppose that the
number of asteroids with mass between m and m+ dm
and orbital frequency between f and f + df is
dN = n(m, f)dmdf. (3)
The number for which the amplitude is between τ and
τ+dτ and the orbital frequency is between f and f+df
is therefore
dN = n∗(τ, f)dτ df, (4)
where
n∗(τ, f) = Kf2/3 n
(
Kf2/3τ, f
)
, (5)
and
K =
(
4pi2M2
G
)1/3
c
sin i
. (6)
The power spectral density of the TOA signal, S(f),
is calculated by summing the contributions from each
asteroid. A single asteroid contributes power τ2/4 to the
power spectrum at frequency f , so the power spectral
density (defined to contain only positive frequencies) is
given by
S(f) =
1
4
∫ ∞
0
τ2n∗(τ, f)dτ. (7)
If the distribution of asteroids has a power-law form in
mass and frequency, with upper (lower) cutoffsm+ (m−)
in mass and f+ (f−) in frequency, n(m, f) is given by
n(m, f) =
Nαβmα−1fβ−1(
mα+ −mα−
)(
fβ+ − fβ−
) , (8)
where m− < m < m+ and f− < f < f+, and 0 else-
where. The average power spectral density at frequency
f is therefore
S(f) =
N
4
(
G
4pi2M2
)2/3(
mrms sin i
c
)2
β fβ−7/3(
fβ+ − fβ−
) , (9)
3for f− < f < f+, and 0 otherwise. Here the root-mean-
square asteroid mass, mrms, is given by
mrms =
√
〈m2〉 =
√
α
(
mα+2+ −mα+2−
)
(α+ 2)
(
mα+ −mα−
) , (10)
which always lies between the minimum and maximum
masses, m− and m+. When m+  m−, mrms is dom-
inated by m+ for α > 0 and by m− for α < −2. For
−2 < α < 0, it behaves as a weighted geometric mean
of the two.
An example spectrum is shown in Figure 1. It is
an ensemble average calculated from 104 realizations
of an asteroid belt containing 104 asteroids, distributed
in mass and semimajor axis according to equation (8).
The overall shape of the spectrum is described by equa-
tion (9). The high-frequency cutoff corresponds to the
period of the innermost stable P-type orbit in the PSR
J1614−2230 system, determined using the formula of
Holman & Wiegert (1999) (equation A2). The total
mass of the belt is chosen to match that of the solar
system’s asteroid belt. The spectral indices in mass
and frequency are α = −5/6 and β = −2/3, respec-
tively, and the total number of asteroids, N , is 104.
The upper and lower cutoffs in frequency are f− =
0.0173 yr−1 and f+ = 12.5 yr−1, and the cutoffs in mass
are m− = 8.4× 10−15M and m+ = 1.0× 10−10M.
These are the same as the parameter values used for PSR
J1614−2230 in Figure 3. More information on why these
parameter values were selected can be found in section 3.
Notably, the shape of the spectrum described by equa-
tion (9) depends only on the distribution of asteroids in
orbital frequency. In particular, the spectrum takes the
form S(f) ∝ f−γ , where γ = 73 − β. The effect of
β on the shape is shown in Figure 2. In addition to
the value used in Figure 1 (β = −2/3), spectra corre-
sponding to two other values of β are shown: β = 2/3,
which corresponds to a uniform disk surface density,
and β = −2, which produces the same spectral slope,
γ = 13/3, expected from the stochastic gravitational-
wave (GW) background.
The total variance that asteroids contribute to the
TOAs is
σ2τ =
∫ ∞
−∞
S(f)df = 2
∫ ∞
0
S(f)df. (11)
For a power-law distribution (equation 8), this is
σ2τ =
(
G
4pi2M2
)2/3(
mrms sin i
c
)2Nβ(fβ−4/3+ − fβ−4/3− )
2
(
β − 43
)(
fβ+ − fβ−
) .
(12)
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Figure 2. The effect of the power-law index, β, of the or-
bital frequency distribution of asteroids on the TOA residual
spectrum. The β values shown correspond to a uniform dis-
tribution in semimajor axis (β = −2/3, γ = 3), a uniform
disk surface density (β = 2/3, γ = 5/3), and a spectral slope
equivalent to that expected from the stochastic gravitational-
wave background (β = −2, γ = 13/3). All other parameters
used are the same as those in Figure 1. The transmission
function corresponding to a dataset length of 15 years has
been applied in each case.
Fixing the binary mass and asteroid frequency distribu-
tion to the values used in Figure 1, this becomes
στ = 170 ns
√
N
104
(
mrms sin i
10−12M
)
. (13)
For the asteroid mass distribution used in Figure 1,
mrms = 1.7× 10−12M, so the standard deviation of
the TOA perturbations in the case shown there is ap-
proximately 290 ns.
2.1. Effects of model subtraction
Any high-precision pulsar timing analysis requires fit-
ting a timing model describing the pulsar’s position,
spindown, parallax, proper motion, and, if the pulsar
has a binary companion, its orbit. An additional signal
not present in the timing model will often be partially
degenerate with the timing model parameters, especially
if the signal is spread over a wide range of frequencies.
The spindown component, in particular, amounts to a
polynomial trend, absorbing power at the lowest fre-
quencies – those with periods comparable to, or longer
than, the length of the data set. This sets a lower limit
on the frequency of observable signals.
The amount of power removed by subtracting the tim-
ing model is quantified by the transmission function,
T (f), the factor by which the power at frequency f
is reduced (Blandford et al. 1984; Madison et al. 2013;
Hazboun et al. 2019). For most pulsars, the spindown is
described by a model in which the delay is a quadratic
4Table 1. Stability boundaries for some MSP binaries
PSR PB (days) PS (days) PP (days)
J0437−4715 5.741 1.65± 0.16 16.7± 1.0
J1614−2230 8.687 2.34± 0.02 28.95± 0.15
J1713+0747 67.825 18.7± 1.1 217± 7
J1741+1351 16.335 4.6± 2.0 51± 13
B1855+09 12.327 3.5± 0.4 38± 2
J1903+0327 95.174 7.40± 0.15 664± 3
J1909−3744 1.533 0.441± 0.010 4.44± 0.06
J1918−0642 10.913 3.1± 0.3 33.4± 1.7
J2043+1711 1.482 0.43± 0.05 4.2± 0.3
Note— PS is the period of the outermost stable circu-
lar orbit around the pulsar, calculated based on equa-
tion (A1), and PP is the period of the innermost stable
circular orbit around the binary, based on equation (A2).
The orbital period, PB , of each pulsar is included for ref-
erence.
function of time. The transmission function for such a
model behaves as
T (f) ∼
(
f
fc
)6
, f . fc, (14)
when f is significantly less than the critical frequency
fc =
15751/6
piTobs
≈ 1.086
Tobs
, (15)
where Tobs is the length of the data set. This causes the
observed spectrum of the TOA residuals created by an
asteroid belt to roll off at low frequencies, as illustrated
in Figure 1 for various data set lengths. The same effect
is applied in Figure 2. For a timing model including
position and astrometric parameters, the transmission
function would also include a dip around f = 1 yr−1,
but this has a much less significant effect on the total
variance, so we have not included it in Figures 1 and 2.
3. RESULTS
The boundaries of stability for several MSP bi-
nary systems, calculated according to equations (A1)
and (A2), are given in Table 1. The systems in the
table were selected because measurements of the pulsar
and companion masses are available in the literature.
All but one have almost perfectly circular orbits, a com-
mon characteristic of pulsar-white dwarf binaries. The
exception, PSR J1903+0327, has a main-sequence com-
panion on an eccentric orbit (e = 0.437). Simulated
spectra of (P-type) asteroid belts around each system
are shown in Figure 3, demonstrating the relationship
between the binary orbital frequency and the frequency
of the innermost stable P-type orbit.
While all the systems in Table 1 have orbital pe-
riods between 1 and 100 days, the orbital periods of
known pulsar–white dwarf binary systems range from
2.46 hours in the case of PSR J0348+0432 (Antoniadis
et al. 2013) to 3.37 years in the case of PSR B0820+02
(Hobbs et al. 2004). Even more extreme orbital periods
are found in 47 Tuc R (Camilo et al. 2000), which has
an ultra-light companion in a 96-minute orbit, and PSR
J2032+4127 (Ho et al. 2017), which has a main-sequence
companion in a highly eccentric 46-year orbit. The in-
ner boundary of stability has a similar range. Using the
minimum companion mass in each case, we find that it
corresponds to a period of 6 hours for PSR J0348+0432
and 10 years for PSR B0820+02. For the longest-period
objects, S-type asteroid belts may be more relevant than
their P-type counterparts, but we will not consider them
in detail here.
Each of the spectra seen in Figure 3 is an average of
104 realizations of an asteroid belt containing 104 aster-
oids with masses and orbital frequencies drawn at ran-
dom from power-law distributions of the form given by
equation (8). In each case the belt has a total mass of
2× 10−9 solar masses (6.7× 10−4 earth masses), com-
parable to that of the solar system’s asteroid belt. The
maximum orbital frequency, f+, is chosen to match the
frequency of the innermost stable P-type orbit in the
particular binary system, as given in Table 1. The mini-
mum orbital frequency, f−, corresponds in each case to a
semimajor axis of 20 au. This was chosen, somewhat ar-
bitrarily, to make the longest orbital period longer than
the 15-year nominal dataset length, since there are few
constraints on how far a P-type asteroid belt extends
away from the binary system. Increasing the minimum
orbital frequency narrows the range of frequencies over
which the asteroid signals are distributed, and, if the
total mass of the belt is held fixed, also increases the
density of asteroids in orbital frequency space. Both of
these effects tend to make the asteroid belt signal more
recognizable.
As demonstrated in Figure 2, the shape of the spec-
trum is primarily determined by the orbital frequency
distribution. In every case shown in Figure 3, the power-
law index of this distribution is β = −2/3, which repre-
sents a uniform distribution in semimajor axis. This is
the same as what is used in Figure 1.
The value α = −5/6 is used for the power-law index
of the mass distribution throughout Figure 3. This was
chosen to match the value predicted by Dohnanyi (1969)
for material in collisional equilibrium. As equations (9)
and (10) demonstrate, the mass distribution affects the
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Figure 3. Simulated spectra of TOA perturbations for model P-type asteroid belts around each of the systems in Table 1. In
each case, the spectrum is shown both before and after the subtraction of a quadratic spindown model for a nominal dataset
length of 15 years, and the small red arrow indicates the pulsar’s orbital frequency. As in Figure 1, the total mass of the model
asteroid belt in each case is chosen to match that of the solar system’s asteroid belt, and the distribution of asteroids in mass
and orbital frequency has a power-law form (cf. equation 8), with indices α = −5/6 in mass and β = −2/3 in frequency. More
information on how parameters were selected can be found in section 3.
ensemble average spectrum only by determining the re-
lationship between the mass cutoffs m+ and m−, the
RMS mass mrms, and the total mass. However, in single
realizations, the mass distribution is important because
it determines how common asteroids with masses much
larger than mrms are. This has important implications
for detecting individual asteroids (see section 4.4).
4. DISCUSSION
The results shown so far are based on a model aster-
oid belt whose total mass is equal to that of the solar
system’s asteroid belt. The amplitude of the TOA sig-
nal produced by an asteroid belt scales linearly with its
mass, meaning that the spectrum, as shown in Figure 1,
scales quadratically with mass.
4.1. Comparison with other sources of red noise
An asteroid belt is hardly the only phenomenon capa-
ble of producing red noise in pulsar timing residuals. In
fact, red noise of a much larger amplitude than that con-
sidered here is common in canonical pulsars (those with
periods of order one second and period derivatives of or-
der 10−15, as opposed to MSPs, which have periods of a
few milliseconds and period derivatives of order 10−20),
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Figure 4. Example time series of TOA residuals created by an asteroid belt (after timing model subtraction), illustrating how
the variance of the residuals increases with dataset length. The light gray lines correspond to different realizations with the
same parameters used for Figure 1, with a quadratic trend removed. For one particular realization, highlighted in color, the
first 7.5 and 15 years of the time series have been isolated, and the fitting and subtraction of the trend performed separately.
This is quantified in the right panel, which shows how the standard deviation, στ , of the residuals behaves as a function of the
dataset length in the ensemble average. While στ initially grows linearly with time, it eventually stops growing and stabilizes at
approximately 290 ns, the value predicted by equation (12). This happens after the dataset length exceeds the longest asteroid
orbital period.
and is generally understood to arise from stochastic vari-
ations in the pulsar’s rotation rate, caused by some com-
bination of magnetospheric torques (Kramer et al. 2006;
Lyne et al. 2010) and instabilities arising from differen-
tial rotation between the neutron star’s surface and its
superfluid interior (Jones 1990). It is precisely the fact
that MSPs are relatively free of this kind of timing noise
that, combined with their shorter periods, makes them
ideal for high-precision timing applications, including
GW searches.
The amplitude of red timing noise in canonical pulsars
has been observed to scale with the period derivative,
P˙ (Cordes & Helfand 1980; Arzoumanian et al. 1994),
making it unsurprising that the effect should be smaller
in MSPs. Indeed, Shannon & Cordes (2010) developed
a scaling relation that is consistent with the lower levels
of red noise observed in MSPs as well as the higher lev-
els observed in canonical pulsars, indicating that they
may have the same origin. Lam et al. (2017) followed
this up with a fit including more MSPs, again finding
similar behavior between canonical pulsars and MSPs.
However, it remains possible that at least some of the
observed red noise in MSPs may have another origin.
4.2. Stationarity
The TOA perturbations generated by an asteroid belt
can be compared to those produced by random walks
in pulse phase, frequency, or frequency derivative, all
of which are statistically non-stationary. However, the
signal from an asteroid belt is in principle stationary
when measured over a long enough span of time —
there is always a longest-period asteroid. If the aster-
oids have a power-law distribution in orbital frequency
(equation 8), so that the spectrum of the TOA pertur-
bations also has a power law form, the variance of the
residuals will grow with dataset length, but only up to
a certain point, determined by the low-frequency (long-
period) cutoff of the distribution. This can be seen in
Figure 4. In the case shown there, where asteroids are
distributed uniformly in semimajor axis, the variance
initially grows linearly with time, but other power-law
indices are possible depending on the asteroid distribu-
tion. As discussed in section 2, if the power-law index
of the orbital frequency distribution is β, the spectrum
will have the form S(f) ∝ f−γ , where γ = 73 − β (equa-
tion 9). In this case, the standard deviation of the TOA
residuals will increase with time as σTOA ∝ T δ, with
δ = 12 (γ − 1) = 23 − 12β. A uniform distribution in semi-
major axis gives γ = 3, while a uniform surface density
gives γ = 5/3. For comparison, random walks in pulse
phase, frequency, and frequency derivative correspond to
γ = 2, 4, and 6, respectively, and the expected spectrum
of the stochastic gravitational-wave background corre-
sponds to γ = 13/3.
4.3. Disk lifetime
Several factors other than the presence of a binary
companion affect the stability of asteroid belts around
pulsars. Many of these are especially relevant for mil-
lisecond pulsars, which are generally billions of years old.
The seasonal Yarkovsky effect (e.g. Rubincam 1998), a
thermal drag mechanism acting on objects whose spin
7axes are tilted relative to their orbits, can cause small
asteroids to migrate inward until they are evaporated.
However, the migration timescale is proportional to as-
teroid radius, and 5 km asteroids can survive for at least
250 Myr at 1 au (Cordes & Shannon 2008; Shannon et al.
2013).
An asteroid will be evaporated if it is heated enough
for its equilibrium temperature to exceed the melting
point of the materials that compose it. Asteroids in the
vicinity of a pulsar are heated by a number of mecha-
nisms in addition to thermal emission from the pulsar’s
surface, including particle and X-ray emission driven by
the pulsar’s spindown and Ohmic dissipation driven by
currents between the asteroid and the pulsar’s magneto-
sphere. A detailed analysis of these effects was carried
out by Cordes & Shannon (2008), who reached the con-
clusion that asteroids do not begin to evaporate until
they are within approximately 1010 cm (6× 10−4 au) of
the pulsar, which corresponds to a seven-minute orbital
period, or a frequency of 7× 105 cycles per year. It
follows that asteroids on stable P-type orbits in pulsar
binary systems, even those with the shortest orbital pe-
riods, are almost certainly safe from evaporation.
For asteroids that are massive enough or close enough
together, their mutual gravitational interactions can
also be a destabilizing influence. Examining this issue,
Heng & Tremaine (2010) conclude that the timescale for
destabilization in “cold” disks increases exponentially
with the separation between the asteroids, with a dis-
tance of around 10 times the Hill radius sufficing for a
lifetime of 100 Myr.
4.4. Distinguishing individual asteroids
One way to test the hypothesis that observed red noise
in TOAs from a pulsar is caused by an asteroid belt is to
separate out the signals caused by individual asteroids.
This is possible only if the dataset is long enough to ac-
quire sufficient resolving power in the frequency domain.
If there are only a handful of asteroids, it may be possi-
ble to observe for long enough to resolve each individual
asteroid in frequency space, but for denser asteroid belts
this becomes impractical. The average number, ∆N , of
asteroids in a single frequency bin is related to the den-
sity,
dN
df
=
Nβfβ−1
fβ+ − fβ−
, (16)
of asteroids in frequency space by
∆N =
dN
df
∆f, (17)
where ∆f is the width of the frequency bin. Asteroids
will be individually resolvable if ∆N . 1. Because the
minimum ∆f achievable with a dataset of length T is
approximately 1/T , this means that asteroids will be
individually resolvable in frequency only if
T & dN
df
. (18)
For β = −2/3, f+ = 10 yr−1, and f− = 10−2 yr−1 (pa-
rameters similar to those shown in Figure 1), this be-
comes
T & 940 yr
(
N
104
)(
f
1 yr−1
)−5/3
. (19)
This suggests that realistic observations will usually be
in the opposite regime, in which ∆N  1. In such
cases, the central limit theorem may be applied to indi-
vidual frequency bins, so the probability distribution of
the complex signal amplitude in each bin will be Gaus-
sian, and the probability distribution of the power will
be exponential, with mean S(f)∆f . Since the standard
deviation of an exponential distribution is equal to its
mean, the standard deviation of the power in the fre-
quency bin centered at f will also be S(f)∆f .
An additional sinusoidal signal may be considered dis-
tinguishable from the asteroid belt signal if the proba-
bility of it arising by chance in the asteroid belt model
is sufficiently small. For a signal of amplitude ∆τ , the
ratio of the power in the signal to power in asteroid belt
noise is
S/N =
(∆τ)2
4S(f)∆f
, (20)
where ∆f is the frequency resolution. The signal may
be said to be detected if the signal-to-noise ratio exceeds
a threshold value, s. Under the null hypothesis ∆τ = 0,
the probability that the threshold will be exceeded is
p = exp(−s). (21)
If Nf frequency bins are examined, the probability that
at least one will exceed the threshold value by chance is
P = 1− (1− p)Nf ≈ Nfp. (22)
It follows that, to achieve a false positive probability of
P , the threshold should be set to
s = ln
(
Nf
P
)
. (23)
The signal is then detectable if
(∆τ)2
4S(f)∆f
& ln
(
Nf
P
)
. (24)
In the case that the signal is created by another asteroid,
so that ∆τ is given by equation (1), and the asteroids in
8the belt have power law distributions in mass and orbital
frequency (equation 8), so that S(f) is given by equa-
tion (9), the signal-to-noise ratio (equation 20) becomes
S/N =
m2
m2rms
T
(
dN
df
)−1
. (25)
Here mrms is given by equation (10), and dN/df is the
density of asteroids in orbital frequency (equation 16).
An additional asteroid of mass m is therefore distin-
guishable from the bulk of the belt if
m2
m2rms
T
(
dN
df
)−1
& ln
(
Nf
P
)
. (26)
Taking Nf = 100 and P = 0.05 (so that the signal-
to-noise threshold is s = 7.6), and, as in equation (19),
β = −2/3, f+ = 10 yr−1, and f− = 10−2 yr−1, this
becomes
m & 22
(
N
104
)1/2(
f
1 yr−1
)−5/6(
T
15 yr
)−1/2
mrms.
(27)
4.5. Implications for gravitaional-wave searches
In a number of ways, the pulsar timing signal pro-
duced by an asteroid belt closely resembles the signal
expected from gravitational wave (GW) sources. Like
the stochastic GW background, asteroid belts around
pulsars should produce correlated noise in TOAs with
frequencies of order 1 yr−1 and amplitudes of tens of
nanoseconds; and, like continuous wave sources, individ-
ual large asteroids should produce approximately sinu-
soidal TOA perturbations. Both GW and asteroid-belt
signals can be distinguished from the effects of disper-
sion and scattering produced by the interstellar medium
in that they are achromatic, i.e., they do not depend on
radio frequency. This means that unlike, for example,
TOA variations caused by changes in dispersion measure
(DM), variations caused by the presence of an asteroid
belt cannot be measured and corrected for by comparing
signals at different radio frequencies.
However, there is at least one important way in which
asteroid-belt and GW signals differ. In particular, the
Earth-term component of any GW signal should be cor-
related across different pulsars, with a characteristic spa-
tial pattern, originally described by Hellings & Downs
(1983), that arises from the quadrupolar nature of GWs.
Asteroid belts, on the other hand, belong to particular
pulsars; even if all pulsars had asteroid belts with iden-
tical statistical properties, there would be no reason to
expect the signals they produced to be correlated, since
the masses, phases, and orbital frequencies of individual
asteroids would differ from one pulsar to the next.
5. SUMMARY AND CONCLUSIONS
Asteroid belts in pulsar systems produce achromatic,
low-frequency timing noise, which arises from the orbital
reflex motion of the pulsar. The presence of a binary
companion in a pulsar system has the effect of destabi-
lizing orbits close to the pulsar. This provides a natural
upper cutoff for the orbital frequencies of any asteroids,
but does not exclude the possibility of an asteroid belt
entirely, since sufficiently distant orbits remain stable.
The hypothesis that observed timing noise in one or
more MSPs is produced by an asteroid belt may be
tested by looking for evidence of stationarity, which
should be present only if the frequency corresponding
to the outer edge of the belt is observable; or by try-
ing to isolate the signal from individual large asteroid.
Completely resolving asteroids in orbital frequency is
possible only for very sparse asteroid belts or very long
datasets, but it may be possible to detect individual
large asteroids well before this point. Nevertheless, in
the near term it is likely to remain challenging to deter-
mine whether particular instances of pulsar timing noise
are caused by asteroid belts.
Asteroid belts are potentially important as noise
sources in searches for low-frequency gravitational
waves. The TOA signal produced by an asteroid belt is
similar to that expected from a GW background in its
frequency, amplitude, and achromatic nature, and may
have a similar power-law spectrum. However, it differs
in that it is not expected to be correlated between dif-
ferent pulsars. This makes it particularly important for
GW searches to consider the correlation between signals
in different pulsars.
The authors are members of the NANOGrav Physics
Frontiers Center, which receives support from the Na-
tional Science Foundation (NSF) under award number
1430284. This paper made use of data from the ATNF
pulsar catalogue1 (Manchester et al. 2005). We thank
D. Lai for useful comments regarding orbital stability.
1 https://www.atnf.csiro.au/research/pulsar/psrcat/
9APPENDIX
A. STABLE ORBITS IN A BINARY SYSTEM
In any binary system, there is an approximate maximum radius for stable S-type orbits and an approximate minimum
radius for stable P-type orbits. The boundary of the stable region is actually irregular and fractal in nature, with
“teeth” corresponding to resonant orbits (Nagler 2005; Shevchenko 2015), but this approximation will suffice for our
purposes.
Holman & Wiegert (1999) conducted a numerical investigation of the stability of circular S- and P-type orbits for
various combinations of the eccentricity e and mass ratio µ of the central binary. They found that S-type orbits with
semi-major axes less than a critical value aS , and P-type orbits with semi-major axes greater than a critical value aP ,
were stable for the duration of their simulations (104 orbital periods). They give the maximum semi-major axis for
stable S-type orbits as a quadratic polynomial in e and µ:
aS = [(0.464± 0.006) + (−0.380± 0.010)µ
+ (−0.631± 0.034)e+ (0.586± 0.061)µe
+ (0.150± 0.041)e2 + (−0.198± 0.074)µe2]aB .
(A1)
Here aB is the binary separation. We adopt Holman & Wiegert’s convention for the mass ratio, letting µ denote the
ratio m2/(m1 + m2), where m1 is the mass of the primary (the star the asteroid orbits), and m2 is the mass of the
secondary. Similarly, they give the minimum semi-major axis for stable P-type orbits as
aP = [(1.60± 0.04) + (5.10± 0.05)e
+ (−2.22± 0.11)e2 + (4.12± 0.09)µ
+ (−4.27± 0.17)eµ+ (−5.09± 0.11)µ2
+ (4.61± 0.36)e2µ2]aB .
(A2)
Here µ is taken to lie between 0 and 0.5, since the mass ratios µ and 1 − µ are equivalent up to labelling of the
component stars.
A different, more analytical, approach to determining the boundaries of the region of stable orbits was taken by
Szebehely (1980), who made use of the fact that the quantity
CJ =
2GM1
r1
+
2GM2
r2
+ ω2r2 − v2, (A3)
called the Jacobi constant, is conserved in the circular restricted three-body problem. Here M1 and M2 are the masses
of the two primary bodies, ω is their orbital frequency, and r1 and r2 are the distances between each and the third,
small body, while r is the small body’s distance from the center of mass and v is its velocity in the synodic frame
(co-rotating with the binary). For a particular value of CJ , the surfaces corresponding to v = 0 are called zero-velocity
surfaces. They bound regions in space that a small body with that particular Jacobi constant cannot enter, since the
square of its velocity must always be positive.
Szebehely (1980) made use of this by calculating the Jacobi constant for initial conditions that, in the appropriate
two-body approximation, would correspond to a circular orbit. S-type orbits were considered stable if the zero-velocity
surface prevented the small body from escaping to infinity. Similarly, P-type orbits were considered stable if the
zero-velocity surface prevented the small body from approaching arbitrarily closely to either of the primaries. This
definition of stability, termed Hill-type stability (Szebehely 1978), differs qualitatively from that of Holman & Wiegert
(1999): on the one hand, it is global and not limited by a finite integration time or numerical precision; but on the
other hand, it does not take into account all modes of instability. S-type orbits that are Hill stable may eventually
result in a collision with the primary, while P-type orbits that are Hill stable may eventually escape. Nevertheless, the
results obtained by Szebehely (1980) for S-type orbits and by Szebehely & McKenzie (1981) for P-type orbits are in
broad agreement with the results of Holman & Wiegert (1999).
We estimate the boundary of stability for P-type orbits using equation (A2) throughout the paper. Because the
results of Szebehely & McKenzie (1981) largely agree with those of Holman & Wiegert (1999), our results should not
be sensitive to the particular criterion for stability adopted.
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